Fe and Ni clusters have been simultaneously deposited on substrates using an improved plasma-gas-condensation cluster deposition apparatus, and investigated by transmission electron microscopy, X-ray photoelectron spectroscopy and magnetometry. In these Fe/Ni cluster hybrids Fe and Ni clusters are randomly mixed, where bcc Fe and fcc Ni diffraction rings are detected, and their lattice constants are almost same as those of pure Fe and Ni metals. The peak positions of core-levels, Fe-2p 3=2 and Ni-2p 3=2 lines, of Fe/Ni cluster hybrids are similar to those of pure Fe and Ni clusters. Since Fe and Ni are miscible with each other in bulk, equilibrium and film specimens, no nano-scale heterogeneity can be attained by other methods. Therefore, present results demonstrate formation of novel Fe/Ni nano-hybrid materials.
Introduction
Cluster assembling is a mesoscopic fabrication method of nanoscale structure-controlled materials. Using a plasma gas condensation cluster deposition (PGCCD) apparatus with a single glow discharge source, 1, 2) we prepared uniform size transition metal clusters whose mean diameters ranged between 6 and 16 nm with the standard deviation less than 10%. 2, 3) With increasing the deposition time of clusters, geometrical and electrical networks were observed, being interpreted as percolation phenomena. [4] [5] [6] The first PGCCD apparatus was a hollow cathode type and two different metal plates were set on the two facing target holders. We could prepare alloy clusters whose chemical compositions were adjusted by supplying electric powers independently to these targets. [7] [8] [9] Mixing of two different kinds of clusters is also an interesting challenge just like traditional metallurgy, in which mixing of two different elements has provided a great variety of alloys. For this purpose we developed a PGCCD apparatus with two glow discharge sources: one glow discharge was a dc mode and another an rf or dc discharge mode (see Fig. 1(a) ). 10) When two glow discharges were divided by inserting a separation plate, two kinds of vapor atoms were sputtered out of the targets. Using this second PGCCD system, Co/Si, 10, 11) Fe/Si, 12) and Fe/Al 13) and Fe/Ni 14) cluster hybrids were prepared on substrates. By inserting a separation plate between two glow-discharge rooms, small Co and Fe clusters were distributed at random together with the Si and Al clusters which were agglomerated to form large secondary particles, while partially alloyed Fe-Ni clusters were obtained on substrates. Without inserting the separation plate, core-shell morphologies were obtained for Co/Si, Fe/Si and Fe/Al cluster hybrids, in which Co or Fe cores were surrounded by small Si or Al crystallites, [10] [11] [12] [13] while heterogeneous alloy phases for Fe/Ni cluster hybrids. 14) Since the second PGCCD apparatus was also a hollow cathode type and two different metal plates could be set on the two target holders of the single glow discharge chamber, we prepared Co/Pd, Nb/Ag and Fe/Ni cluster hybrids by supplying electric powers independently to these two targets. In Co/Pd and Fe/Ni cluster hybrids, homogeneous alloy phases were obtained, whose chemical compositions depended on their input electric powers. 3, 14) In Nb/Ag cluster hybrids, on the other hand, chemically heterogeneous phases were obtained, in which the concentration distribution histogram revealed double peaks at the Ag rich and Nb rich sides. 15) These experimental results suggest that various kinds of cluster hybrid materials can be obtained by double glow discharge sources. In the second PGCCD apparatus, however, the deposition chamber was only evacuated by a mechanical booster pump during cluster deposition and the oxidation probability of clusters was higher than that for the first PGCCD apparatus. Then, we could not investigate individual effects of surface energy, degree of oxidation and chemical affinities of respective cluster elements on structures and morphologies of cluster hybrid materials. [16] [17] [18] In this apparatus, moreover, since the substrate was located behind an exit nozzle of the growth room, inert gas, vaporized atoms, cluster nuclei and grown clusters were altogether impinged on it, and no aerodynamic size selection was applicable. 19 ) Therefore, we have improved the second PGCCD apparatus (see Fig. 1(b) ), where the deposition room can be evacuated by a turbo molecular pump to attain a better vacuum condition and a skimmer is set between the growth room and deposition chamber.
In this paper, we describe the experimental results of transmission electron microscopy, scanning electron microscopy and X-ray photoelectron core level spectroscopy for Fe/ Ni cluster hybrids, which are prepared using the improved second PGCCD apparatus, to discuss their characteristic morphologies and structures.
Experimental Procedures
As shown in Fig. 1(b) , the improved second PGCCD apparatus had two DC glow discharge sources. After setting Fe and Ni disc plates (80 mm in diameters and 5 mm in thicknesses) on the target holders in the sputtering rooms 1 and 2 of the sputtering chamber, these rooms and the growth room were evacuated down to 3 Â 10 À4 Pa, the intermediate chamber down to 3 Â 10 À5 Pa by a compound molecular pump, CMP, and the deposition chamber down to 6 Â 10
À6
Pa by a turbo molecular pump, TMP. For glow discharge sputtering, CMP was shut down and argon gas (99.9999 vol%) was introduced through a gas-inlet with a variable leak valve and the intermediate chamber was evacuated by a mechanical booster pump, MBP (600 m 3 /h). The argon gas flow rate was kept at 3:3 Â 10 À6 m 3 /s. It led to the argon gas pressures, 350 Pa in the sputtering room, 2.3 Pa in the intermediate chamber and 0.3 Pa in the deposition chamber. Supplying electric powers to the Fe and Ni disc targets, Pw(Fe) and Pw(Ni) between 200 and 400 W, metal atoms were sputtered out of the targets, their kinetic energies were reduced by collisions with Ar atoms and clusters were nucleated. Both argon gas and formed clusters were ejected through the nozzle and skimmer, carried to the deposition chamber and clusters were deposited on a substrate. A quartz oscillation type thickness monitor was inserted to estimate deposition rates of Fe and Ni clusters, being used as a sensitive microbalance. We first prepared Fe and Ni clusters independently by one glow discharge source and then Fe/Ni cluster hybrids by operating two glow discharge sources and inserting the separation plate.
The morphology, size and structure of clusters thus obtained were observed using a transmission electron microscope (TEM, Hitachi Co., HF-2000) operating at 200 kV. TEM images were observed for slightly deposited specimens on mircro grids and selected area electron diffraction (ED) patterns for heavily deposited ones. An energy dispersive Xray (EDX) analyzer installed in TEM was used to determine the average chemical compositions and the individual chemical compositions of 50 clusters of these specimens. Cluster size distributions were determined from digitized TEM images recorded by a slow-scan charge-coupled device camera for the area of 350 Â 350 nm 2 using the imageanalysis software (Image-Pro PLUS: Media Cybernetics). Using a SSX-100 spectrometer (Surface Science Instrument), X-ray photoelectron core level spectra (XPS) were measured for Fe clusters, Ni clusters, and Fe/Ni cluster hybrids deposited on Au coated Al plates. Even after Ar-ion etching treatments of specimens O-1s and C-1s signals were detected: oxidized surfaces could not be removed in these porous cluster assemblies. The C-1s peak observed for Au films was used to calibrate the charging effect in these specimens. We also subtracted the base line from experimental spectra by the Shirley procedure. 20) The observed X-ray spectra were fitted by superposition of Gaussian peaks of Fe, Ni and their oxides with the fixed half-widths. Using a superconducting quantum interface device magnetometer (Quantum Design Co., MPMS-5) magnetization curves were measured for Fe clusters, Ni clusters and Fe/Ni cluster hybrids deposited on polyimide film substrates by applying a magnetic field up to 1600 kAm À1 .
Results
With supplying the electric power of 200-300 W to one glow discharge source we have deposited Fe or Ni clusters on TEM grids. Bright field TEM images of slightly deposited specimens indicated that the average sizes of Fe clusters were 9 nm and those of Ni clusters 7 nm, but the size distributions ranged betwen 2 and 14 nm for Fe clusters, and between 2 and 10 nm for Ni clusters. If we set several numbers of skimmers and differential pumping stages between the growth room and deposition chamber, average size clusters were aerodynamically selected: small and large size clusters were collided with Ar atoms and scattered outside of the argon gas stream, while average size clusters in the central beam were extracted through skimmers and deposited on a substrate. 19) The size monodispersivity attained by one skimmer was worse than that by two skimmers in the first PGCCD apparatus. 2, 3) The ED patterns of heavily deposited specimens indicated that a bcc phase is formed in Fe clusters and an fcc one in Ni clusters. 14) Figures 2(a)-(d) show TEM observation results for an Fe/Ni cluster hybrid, whose average mixing ratio (in at%) of Fe/Ni is 58/42, prepared with PwðFeÞ ¼ 250 W and PwðNiÞ ¼ 350 W. In the TEM image ( Fig. 2(a) ), shapes of individual clusters are not spherical and some of them agglomerate with each other. The ED pattern (Fig. 2(b) ) indicates that bcc and fcc diffraction rings coexist in this specimen, where weak diffraction rings of Fe-Ni oxide phases are also detectable. The diffraction rings of (110) Figure 2 (c) is a size distribution histogram of the Fe/Ni cluster hybrid which is same as that for Fig. 2(a) , indicating a wide cluster size distribution. 16) As shown in Fig. 5 , the a value for the fcc phase monotonically increases with increasing the annealing period. This result clearly suggests that Fe-Ni alloy phases are formed by annealing at 473 K, however, a ¼ 0:356 nm after annealed for 3:6 Â 10 3 s. It is smaller than that for a bulk fcc Fe-39 at%Ni alloy (a ¼ 0:3596 nm), 21) owing to the low annealing temperature and the short annealing period.
Moreover, we observed XPS spectra to investigate chemical states of Fe and Ni atoms in the Fe/Ni hybrids. respectively. [22] [23] [24] [25] The relative peak intensity of (Fe 2 O 3 þ FeO) to Fe in the Fe/Ni cluster hybrid is larger than that in the Fe clusters. Figures 7(a) and (b) show XPS Ni-2p 3=2 spectra for an Fe/Ni cluster hybrid (the average mixing ratio of Fe/Ni is 87/13) prepared with PwðFeÞ ¼ PwðNiÞ ¼ 250 W, and for Ni clusters with PwðNiÞ ¼ 300 W. In Figs. 7(a) and (b) , there are main and satellite peaks of metallic Ni together with a peak of NiO and the satellite peak whose binding energy is about 6-7 eV higher than that of the main peak, where the satellite peaks originate from weak shielding of a 2p core-hole by unfilled 3d electron states.
26) The peak positions are 851:7 AE 0:2 eV for Ni and 854:5 AE 0:4 for NiO and 859.8 eV for the satellite, whereas the reference ones are 852.6, 855.5 and 859.5 eV, respectively. [22] [23] [24] [25] The relative peak intensity of NiO to Ni (main and satellite) in the Fe/Ni cluster hybrid is smaller than that in the Ni clusters. These results indicate that no Fe-Ni alloy is formed and Fe clusters are more preferably oxidized than Ni clusters when they are in juxtaposition. 
Discussion
As described in the previous section, the results of ED and XPS experiments demonstrate that the structure and chemical states of Fe/Ni cluster hybrids are same as those of Fe and Ni clusters: no alloying behavior of Fe and Ni can be detected. The SEM image also indicates that the Fe/Ni cluster hybrid consists of Fe and Ni clusters, which are agglomerated but not markedly coalesced. They are porous stacks, however, the temperature dependence of electrical resistivity revealed a metallic behavior, 27) i.e., the large residual resisitivity is attributable to the loose contact and partial oxidation of cluster surfaces, but the temperature coefficient of resistivity is positive, indicating presence of metallic contacts between these clusters. Fe and Ni atoms diffuse into each other via such contact areas at 473 K, leading to formation of Fe-Ni alloy phases and coalescence of Fe and Ni clusters. As shown in Fig. 8 , the magnetic coercivity is smaller for the Fe/Ni cluster hybrid than for Fe clusters, but larger than for Ni clusters. These results suggest presence of weak magnetic coupling in a three dimensional stack of magnetically high-anisotropic Fe and low-anisotropic Ni clusters. The magnetic coupling is mainly ascribed to magnetic dipole interactions between adjacent clusters which are randomly distributed and stacked on the substrate. 28) In the present PGCCD system, atoms sputtered out of targets collide each other in high inert gas atmosphere.
1-3) If two atom pairs and/or cluster-nuclei and atom give their cohesive energies to inert gas atoms at the three body collision events, they further grow into clusters. 29, 30) Since the two cluster sources are divided by the separation plate, clusters thus formed are deposited on a substrate to become random mixtures of Fe and Ni clusters. It has been reported that nano-scale island-like clusters on substrates are instantaneously mixed with post-impinging atoms at ambient temperature to become homogeneous alloys. 31, 32) Such instantaneous alloying behaviors have been observed as long as the diameters of island-like clusters are less than the critical value of about 10 nm and enhanced in elemental combinations having negative mixing enthalpies with the large absolute values. In this context, the codeposition of about 10 nm size Fe and Ni clusters does not lead to their coalescence and alloying.
In the present PGCCD system, moreover, the Ar flow velocity becomes about a sound velocity when it pass through the nozzle and skimmer between the growth room (its argon gas pressure is about 350 Pa) and the deposition chamber (its argon gas pressure is about 0.3 Pa). 33) Assuming that the velocities of 10 nm size Fe and Ni clusters are the same order of magnitude as that of the Ar flow, the kinetic energy of these clusters impinging onto the substrate surface is estimated to be about a few hundred eV. Then, these clusters can migrate on the substrate. 34) However, since the clusters whose sizes are about 10 nm contain several ten thousands of atoms, the kinetic energy per atom becomes an order of 10 À3 -10 À2 eV, being much smaller than the cohesive energy of Fe and Ni metals, and Fe-Ni alloys. 17) When they collide with each other on a substrate, Fe and Ni clusters are neither fragmented nor coalesced at interfaces: Fe and Ni clusters randomly coexist on the substrate. 34) Many phase diagrams reported for Fe 1ÀX Ni X alloys to this day clearly indicate that Fe 1ÀX Ni X alloys are classified into an miscible system: 18, [35] [36] [37] [38] [39] [40] [41] [42] bcc Fe-rich solid solution, AuCu 3 -type ordered FeNi 3 and fcc Ni-rich solid solution are the ground state structures, while Cu 3 Au-type ordered Fe 3 Ni and CuAu-type ordered FeNi have been obtained in meteorites, fine particles and neutron-or electron-irradiated specimens. On the contrary, the present Fe/Ni nano-hybrid material is a nano-scale heterogeneous mixture of bcc Fe and fcc Ni grains. It is similar to nanocrystalline materials prepared by inert gas condensation and mechanical compaction, 43) and a novel nano-hybrid material which cannot be obtained by other preparation methods.
Summary
Using the improved PGCCD system with two glow discharge sources, Fe and Ni cluster nano-hybrids have been obtained. Suppressions of coalescence and alloying are ascribed to weak contacts of Fe and Ni clusters which are formed in high argon gas atmosphere, well thermalized and moderately impinged on the substrate. Although Fe and Ni are miscible with each other in their bulk and film specimens, and the equilibrium states, we can obtain their heterogeneous nano-hybrids consisting Fe and Ni clusters. 
